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SUMMARY Because discrepancies about baroreflex sensitivity in essential hypertension may have resulted from the use of different measurement techniques, we assessed the extent to which the results of different techniques agree in the same subjects. The eight techniques studied were the change in RR interval per unit change in systolic pressure during the Valsalva maneuver, upon release of the Valsalva maneuver, after injection of phenylephrine and after injection of nitroglycerin; the changes in RR interval and in systolic pressure per mm Hg externally applied neck suction; and the changes in RR interval and systolic pressure per mm Hg externally applied neck pressure. The average intercorrelation among these measures in 30 subjects was statistically significant (r = 0.36, p < 0.01), but suggests that variance in one measure accounted for an average of about 13 % of the variance in other measures. Standard deviations among subjects were often as large as the mean, indicating important interindividual variability as well.
These findings demonstrate that baroreflex sensitivity varies widely among subjects and that different techniques for measuring baroreflex sensitivity probably measure different aspects of baroreflex function. THE POSSIBLE ROLE of altered baroreflex function in producing or maintaining high blood pressure in man has been controversial for many years. t When the extent of the bradycardiac response to vasoconstrictorinduced increases in blood pressure has been used as an index of baroreflex sensitivity, patients with essential hypertension have shown decreased baroreflex sensitivity compared with normotensive controls.'2 3 Similar results have been obtained when the extent of bradycardia after release of the Valsalva maneuver is used to measure baroreflex sensitivity.4 I When heart rate or blood pressure responses to externally applied neck pressure or suction have been used as an index of baroreflex sensitivity, investigators have disagreed about whether hypertensives show abnormal baroreflex function. 6 techniques agree in the same subjects. As a result, discrepant results can be explained either by the use of different patient populations or by measurement of different aspects of baroreflex function. Ludbrook et al.9 noted that baroreflex sensitivity measured using the extent of change in heart interval during externally applied neck suction or pressure did not agree well with sensitivity measured using the extent of simultaneously measured changes in blood pressure; results using the latter technique did not agree well with results using injection of vasoactive drugs. Intercorrelations among these techniques appear to have averaged only about 0.4 Each of the methods that have been used in man, although designed to measure arterial baroreflex sensitivity, is limited by being indirect and subject to complex interactions with other circulatory reflexes, e.g., those mediated by pulmonary stretch and intracardiac low-pressure receptors. In this study, we applied several of these techniques to the same subject to illustrate the caution that must be observed in interpreting the results. Methods
Subjects
The subjects were 30 adults, 22 men and eight women, mean age 35 years. Sixteen subjects had essential hypertension, defined as an average blood pressure greater than 140/90 mm Hg at six or more outpatient clinic visits or during five inpatient control days while not receiving antihypertensive medication for at least 2 weeks, with no discernible cause after a typical work up including i.v. pyelography, renogram, urinary culture, aldosterone, and vanilmandelic acid determinations, and blood electrolyte, BUN, and creatinine measurements. One patient had renovascular hypertension due to fibromuscular dysplasia, one had idiopathic orthostatic hypotension, and one had Adie's syndrome with labile hypertension and episodic orthostatic hypotension. Eleven patients were healthy volunteers recruited from nonmedical personnel at the Clinical Center or inpatient normal volunteers. Characteristics of the study subjects are listed in table 1. ephrine and then nitroglycerin were administered until a systolic pressure change of at least 25 mm Hg was achieved.
Valsalva Maneuver
The patients performed the Valsalva maneuver by blowing into a rubber tube connected to an aneroid manometer and maintaining a pressure of 40 mm Hg for 10 seconds. A blow-off valve required the patient to blow continuously to maintain pressure. The patient was instructed to take as deep a breath as possible after blowing and, after release of the Valsalva maneuver, to relax but not to talk or move.
Baroreflex sensitivity during the Valsalva maneuver was calculated as shown in figures 1 and 2. Beginning EGG F.C G ;:
.P :--: :--. , . . . 74, 9, Baroreflex Testing Sequence Upon arrival, usually at about 10 a.m., the patient was introduced to the testing personnel and familiarized with the equipment. Electrocardiographic and bellows-type respiration leads were attached to the patient's chest. While supine, the patient practiced the Valsalva maneuver. Then the neck cuff was attached and three levels of suction and three levels of pressure were applied for 10 seconds each. The neck cuff was removed, and brachial arterial and antecubital venous catheters were inserted percutaneously, usually in one arm. After the patient had been supine at least 20 minutes. the patient performed the Valsalva maneuver until an artifact-tree polygraphic record was obtained. The neck cuff was reattached and the same three levels of suction and pressure were applied. The neck cuff was removed, and graded bolus injections of phenyl- with the highest systolic pressure at the start of the straining, and ending with the lowest pressure attained during the straining, systolic pressure values for successive beats were recorded. RR intervals for the succeeding beats were calculated by dividing the displayed heart rate into 60 and multiplying by 1000. The correlation coefficient and the slope of the linear regression line were calculated for the systolic pressures and RR intervals. The coefficients were always statistically significant and the plots appeared approximately linear. Baroreflex sensitivity during the Valsalva maneuver was defined as the change in RR interval in msec per mm Hg change in systolic pressure (i.e., the slope of the linear regression line).
After release of the Valsalva maneuver, baroreflex sensitivity was calculated in a similar way. Beginning with the lowest systolic pressure just after release of the maneuver, and ending with the highest pressure attained several beats later, systolic pressure values and RR intervals with a one-beat delay were recorded, and the correlation coefficients and slopes of linear regression lines calculated. Baroreflex sensitivity was defined as before.
Neck Cuff
A neck cuff made of sheet lead with a plastic foam gasket was fabricated at the National Institutes of Health according to published plans."' The neck cuff was designed to deliver predetermined amounts of suction or pressure quickly, usually in less than 0.5 second. A sample polygraphic record of the effects of externally applied neck suction is shown in figure 3 .
Three successive levels of suction lasting 10 seconds each were applied to each patient, followed by three levels of pressure. A 45-second rest was allowed between applications of suction or pressure. When polygraphic records indicated an air leak, the leak was sealed by manual pressure and the suction or pressure repeated.
Four measures of baroreflex sensitivity were calculated on the basis of the circulatory response to external neck suction or pressure. Mean RR intervals and 
Injections
Interbeat interval responses to vasoconstrictor-induced hypertension and vasodilator-induced hypotension provided two additional measures of baroreflex sensitivity. Graded bolus injections of phenylephrine, beginning with 50 Ag and increasing by 50-gg increments, were administered until systolic pressure increased by at least 25 mm Hg. Systolic pressures for each beat and corresponding RR intervals with a onebeat delay were recorded, and baroreflex sensitivity defined as the change in RR interval in msec per mm Hg change in systolic pressure. Figure 4 shows a typical response to an injection of phenylephrine.
After the phenylephrine, graded boluses of nitroglycerin were injected, again beginning with 50 lug and increasing by 50-gg increments until systolic pressure decreased by at least 25 mm Hg; baroreflex sensitivity was defined as before. Figure 5 shows a typical response to an injection of nitroglycerin.
Data Analysis
An intercorrelation matrix was constructed in which the calculated baroreflex sensitivities using the various techniques were correlated with each other. In addition, each subject was assigned a rank, with I repre- listed in table 3 . Sixteen of the 28 intercorrelations were statistically significant (r 0.02-0.72). The average correlation coefficient, using Fisher's Z transformation, was 0.36 (p < 0.01). Results using the systolic pressure response to external. neck pressure appeared to intercorrelate poorly with the results using the other seven techniques.
Baroreflex sensitivity was ranked for each measurement technique, where 1 represented the greatest sensitivity among the 30 subjects and 30 represented the poorest sensitivity. Table 4 shows the correlation between baroreflex sensitivity rankings and rankings for baseline systolic pressure, baseline heart rate, and age. Significant sensitivity-systolic pressure correlations were obtained for seven of the eight measurement techniques. Correlations between sensitivity and heart rate or age were always less than between sensitivity and blood pressure. When each subject's sensitivity rankings were averaged for the eight measurement tech- Units for baroreflex sensitivity discussed in Methods section. Abbreviations: Dx = diagnosis; Neck = neck cuff; TNG = nitroglycerin; Phenyl = phenylephrine; -P = suction; + P = positive pressure; BP = systolic blood pressure; N = normotensive control; H = essential hypertension; RVH renovascular hypertension; IOH = idiopathic orthostatic hypotension; A = Adie's syndrome. niques, the correlation with systolic pressure was 0.75 lyzed separately. When individually averaged baro-(p < 0.01), with heart rate was 0.33 (p < 0.05), and reflex rankings were compared in the hypertensive and with age was 0.49 (p < 0.01).
normotensive groups, the hypertensives had signifi-To take into account possible effects of age on ob-cantly poorer baroreflex sensitivity (t = 3.27, p < tained hypertensive-normotensive differences in baro-0.01). For the measurement technique using the sysreflex sensitivity, data from age-matched subgroups of tolic pressure response to external neck pressure, no 10 hypertensives and seven normotensives were ana- baroreflex sensitivity rankings was obtained, but for the technique using the systolic pressure response to external neck suction, the hypertensives showed poorer reflex sensitivity (t = 2.81, p < 0.05). Discussion The results demonstrate substantial interand intraindividual variability in baroreflex sensitivity. The average intercorrelation among these measures in 30 subjects was statistically significant (r = 0.36, p < 0.01), but suggests that variance in one measure accounted for an average of only about 13% of the variance in other measures. Standard deviations across subjects often were as large as the mean, indicating important interindividual variability as well.
The intercorrelations among measurement techniques were larger when similar physiologic events were thought to occur. For instance, the average intercorrelation among the techniques where RR interval changes were assessed in response to baroreceptor inhibition (Valsalva maneuver, positive external neck pressure, injection of nitroglycerin) was 0.54, and among the techniques where baroreceptor stimulation occurred (release of Valsalva maneuver, external neck suction, injection of phenylephrine) 0.45. Nevertheless, when supposedly similar physiologic events occurred, intercorrelations among the measures accounted on average for one-quarter or less of the variance.
Patients with essential hypertension showed significantly decreased baroreflex sensitivity by seven of the eight techniques. This difference did not derive from the artifactual effects of poor age-matching, as the average baroreflex sensitivity rankings of age-matched subgroups of hypertensives and normotensives showed that the hypertensives had significantly lower baroreflex sensitivity.
There are two likely explanations for the findings of this study: (1) Baroreflex sensitivity varies widely among subjects, and this variability can be explained only partially by differences in systolic blood pressure or age, and (2) the different techniques for quantitating baroreflex sensitivity measure different aspects of baroreflex function. Several reports are consistent with the latter suggestion. When external neck pressure or suction as well as injection of phenylephrine or nitroglycerin were used to quantitate baroreflex sensitivity in hypertensives, the injection technique revealed hypertensive-normotensive differences in baroreflex sensitivity, while the neck cuff technique did not. I " Methyldopa attenuates the increase in blood pressure produced by externally applied neck pressure without altering the heart rate response and without altering the heart rate or blood pressure responses to externally applied neck suction.'2 In the current study, patients with essential hypertension showed significantly poorer baroreflex sensitivity than normotensives when the measurement technique used the systolic pressure change during externally applied neck suction, but no significant difference occurred when externally applied neck pressure was used.
Studies of baroreflex function in man have defined baroreflex sensitivity operationally in terms of the measurement technique used, ignoring many potentially confounding factors. For instance, during the Valsalva maneuver, large changes in venous return may alter intracardiac low-pressure baroreceptor activity, and altered input from thoracic stretch receptors may also produce cardiovascular reflex effects inde- 
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PVC FREQUENCY AND HEART RATE/Winkle pendent of the carotid baroreflex. Phenylephrine and nitroglycerin affect venous compliance and venous return to the heart, in addition to their effects on the peripheral arterial tree. Neck suction or pressure may change venous return from the head or may influence aortic baroreceptors in a direction opposed to the presumed effect on carotid baroreceptors. When the obtained results from different studies using different measurement techniques are discrepant, and when, as in our study, the obtained results in the same subjects vary with the measurement technique, these operational definitions of baroreflex sensitivity become meaningless. We therefore caution clinical investigators against drawing inferences about overall baroreflex function on the basis of a single measurement technique. emergence of ventricular escape beats in patients with sinus bradycardia or complete atrioventricular block and exercise-induced or overdrive suppression of ventricular arrhythmias. These observations are usually made over short recording periods and at heart rates higher or lower than those achieved during most ordinary daily activities. The present study is a report of the relationship between the occurrence of ventricular ectopic beats and underlying heart rate in a group of ambulatory patients with frequent ventricular ectopic beats. The analysis of long periods of ECG recordings using computer techniques allowed us to uncover rela-
